in Placentalia [5] . Placentals exhibit remarkable radiation, including aquatic, fossorial, and volant adaptations, and are distributed in all continents and their peripheral islands. Our understanding of the evolution of life histories and ecological niches of early placentals is rather poor. Morphology of fossil species may provide some information on their life histories. For example, dental morphologies may indicate the diet [6] , while relative orbit sizes may indicate diurnality of fossil species [7] . However, information about life histories of ancestral placentals is still limited due to incompleteness of the fossil record, especially for the Mesozoic placentals [8] .
Traits shared by extant placentals give hints about their ancestral states. For example, most extant mammals have limited color vision and share traits such as acute auditory, tactile, and olfactory senses as well as the presence of fur or brown adipose tissue to assist with thermoregulation in cold environments [9] [10] [11] . These common characteristics suggest that mammals of the Mesozoic era were mostly nocturnal, the so-called nocturnal bottleneck hypothesis (NBH) [4, 10] . The NBH can explain many mammalian traits and is highly relevant to the behavioral evolution of mammals. On the other hand, no consensus exists for early mammals regarding other life history traits (e.g., reproductive seasonality, mating system, and social behavior).
The ancestral states of life history traits on a phylogeny can be reconstructed via minimum evolution criteria. The generally governing principle of these criteria is that descendants tend to resemble their ancestors. This ''phylogenetic inertia-based approach'' has two problems. First, life histories, especially behaviors, can evolve rapidly and sometimes do not show a strong phylogenetic correlation among species. Second, animals occupying similar ecological niches can show remarkable convergent evolution, even among phylogenetically distant lineages (e.g., hedgehogs and tenrecs [12] ).
An Extension of Neutral Theory to Multiple-Gene Molecular Evolution
To overcome these difficulties, we introduce an approach for ancestral state reconstruction that utilizes the molecular evolutionary rates of genes (see STAR Methods). Through comparative studies of homologous proteins and nucleotide sequences, Kimura [1] hypothesized that most mutations are selectively neutral and that advantageous mutations are rare or negligible in proportion. He concluded that deleterious mutations are eliminated from the population and do not contribute to molecular evolution. As a result, the neutral theory of molecular evolution predicts that the rate of molecular evolution, r, a key aspect of genomic comparisons between species, is largely the product of the mutation rate, n, and the proportion of neutral mutations, p [2] :
The former factor depends on generation length and exposure to mutagens, while the latter depends on the strength of functional constraints and selection.
Equation 1 is naturally extended to multiple-gene molecular evolution:
where c is a proportionality constant, p i corresponds to an effect from gene i on the proportion of neutral mutations, andp ij is included to reflect the among-branch variation of functional constraints on the gene. Here, we assume that the mutation rate can vary among branches but is constant over the genome. By multiplying both sides of Equation 2 by the time duration t j of branch j, we express the branch length, b ij , as a product:
To extract the gene effect p i , the branch effect t j 3v j , and the gene-branch interactionp ij , we designed a new two-stage procedure. At the first stage, we constructed a species tree. Assuming this tree topology, we estimated the branch lengths for each individual gene. At the second stage, we applied a multiplicative two-way ANOVA-type Poisson regression model to the estimated branch lengths, with two main effects, the gene effect and the branch effect. As is seen from Equation 3 , the gene effect is proportional to p i , the mean proportion of neutral mutations on the gene. Genes with low values exhibit evolutionary conservation. The branch effect is proportional to t j 3v j and represents the expected amount of genomic evolution along the branch. The gene-branch interactions, which we obtain as residuals, are proportional top ij and describe the pattern of variation among branches and among genes of purifying selection due to functional constraints.
The Branch Effect and the Inference of Divergence Times
We estimated the branch effect by applying multiplicative ANOVA to the inferred branch lengths of the 1,185 gene trees. We constructed a species tree, which was mostly consistent with previous studies. As for the phylogenetic positions of Scandentia and Perissodactyla, we followed previous studies [13, 14] . Assuming this species tree topology, we applied a Bayesian relaxed clock method [15, 16] to infer divergence times (Figure 1A) . Notably, the branch lengths implied by the main effects of this ANOVA-type model, except for constants of proportionality, were relatively insensitive to the choice of the model of sequence evolution and to whether sequence analyses were performed at the level of codons, nucleotides, or amino acids ( Figure S1 ). In contrast, branch lengths inferred by protein, codon, or nucleotide sequences for individual genes showed no strong correlation among each other. Furthermore, the branch effects from protein-, codon-, and DNA-based models yielded almost identical time trees ( Figure 1B) . Since the branch effect represents the products of the genomic mutation rates and the time durations along branches of the species tree, this may imply that the chance of mutation is fairly homogeneous over a genome. Our inference of the time tree is robust, evidently because our approach removes the effect of variable functional constraints.
Our analysis indicates that placentals originated 82.7-98.5 mya. Although Afrotheria, Xenarthra, and Boreoeutheria are inferred to have diverged before the K-Pg boundary, most extant orders diversified within a 20-Ma window of this extinction event, consistent with a previous well-accepted study [18] (Table S1 ). We also found that the rate of genomic evolution had accelerated in Rodentia and Eulipotyphla. In our Poisson regression analysis, the proportional reduction in deviance due to the model-an extended measure of R 2 -was as high as 0.82, indicating that the variation of molecular evolutionary rates was mostly globally synchronized. A negative binomial (NB) regression analysis gave almost the same estimates, with a proportional reduction in deviance of 0.74.
Regressing the Trait Values on the Gene-Branch Interactions
Gene-branch interactions express the relative among-branch variation of molecular evolutionary rate of a gene and contain information on variation of functional constraints. By assuming that the relationship at terminal nodes between the states of a trait and gene-branch interactions also applies to the rest of the phylogeny, it may be possible to reconstruct ancestral trait states based on the values of gene-branch interactions at the internal nodes. We applied lasso penalized logistic regression [19, 20] to relate trait values at terminal nodes to gene-branch interactions. Using the estimated relationships, we predicted unobserved values of ancestral node states of life history traits.
As an alternative to this rate-based approach, we also designed a phylogenetic inertia-based weighted nearest-neighbor method (WNN) to reconstruct the terminal nodes. Prediction power of these two approaches was evaluated by leave-one-out cross validation (LOOCV). We considered ten discrete traits related to sociality, diurnality, seasonal breeding, etc. (see Table 1 ). The performances of rate-based and WNN prediction methods for each trait are summarized in Table 1 . In general, predictions relying on evolutionary rates were similar to or better than those obtained by WNN. In particular, rate-based prediction yielded AUC (area under the receiver operating characteristic curve) values above 0.90 for diurnality, reproductive seasonality, and insectivory. These AUC values were substantially higher than those obtained by WNN. Except for insectivory, the performance of the WNN was mostly consistent with Pagel's l, a measure of phylogenetic correlation [21] .
Evolutionary History of Insectivory
We also reconstructed the ancestral states of all ten discrete traits using the aforementioned rate-trait regression models fitted to terminal taxa (Figures 2, 3 , S2, and S4). Notably, ratebased prediction and phylogenetic inertia-based prediction (BayesTraits, multiple states) generated different inferred patterns of evolution of life history traits. We estimated the branch effect by applying the multiplicative ANOVA to the branch lengths of the 1,185 gene trees. A Bayesian relaxed clock method was applied to the branch effect (see STAR Methods). The species tree topology matches that reported previously by others [13, 14] . See also Figure S1 and Tables S1, S2, and S3. (A) The time tree based on the protein sequences. Numbers at internal nodes are estimated divergence times (mya), with 95% credible intervals indicated by horizontal bars spanning nodes. Nodes with fossil calibrations are indicated by gray bars. Branches in red are associated with accelerated rates of genomic evolution. Scientific names of species are listed in Table S2 . Our credible intervals were generally wider than those of the genome-based divergence time estimation study cited above. This discrepancy is possibly due to the fact that our time tree was based on a single set of branch effects, whereas divergence times in the preceding studies were estimated using multiple sets of branch lengths of partitioned data. The authors in the earlier study assumed independent variation of evolutionary rates among partitions, which may have reduced the range of their credible intervals by rate-based and phylogenetic inertia-based approaches. For rate-based prediction, we calculated the p values under the null hypothesis of independence between traits and evolutionary rates ( Figure 2A ). Rate-based prediction indicated that early placentals were mainly insectivores, especially before the K-Pg boundary. After the K-Pg boundary, non-insectivorous lineages evolved independently from their insectivorous ancestors. Accordingly, extant insectivorous clades such as Afroinsectiphilia (tenrecs, golden moles, elephant shrews, and aardvarks), Eulipotyphla (moles, shrews, and hedgehogs), and Chiroptera (bats) may have retained the ancestral-styled diet from Mesozoic placentals. Phylogenetic inertia-based prediction suggested the opposite scenario: the ancestral placentals were mainly non-insectivores, with insectivorous clades, including tenrecs, moles, and bats, evolving from non-insectivorous ancestors before the K-Pg boundary.
Our findings are harmonious with the morphometric analysis of the fossil therian mammals (eutherian-placentals and metatherian-marsupials) [6] . These analyses indicate that the predominant therian diet was insectivory in the Late Cretaceous and that it diversified in the Paleocene. A reconstruction of the hypothetical placental ancestor based on the morphology of multiple fossils further suggests that the common ancestor of Placentalia was insectivorous [8] . Therefore, we conclude that the rate-based prediction of insectivory is more reasonable than the phylogenetic inertia-based prediction and that ancestors of placental mammals were predominantly insectivorous.
Evolutionary History of Diurnality, Behavior, and Diet The reconstructed ancestral states of traits with high AUCs are likely to be reliable. Besides insectivory, rate-based prediction was also precise for diurnality (AUC = 0.919) and reproductive seasonality (AUC = 0.965). The evolutionary histories of these two traits, together with sociality and diet, are summarized in Figures 3A-3D . Predicted probabilities and the null distributions of representative nodes are shown in Figures 3E and 3F .
Although the rate-based inferred states of the common ancestors (or stem taxa) of Placentalia are uncertain (predicted probability to be diurnal is 0.495), early crown Placentalia are reconstructed as primarily nocturnal. During the Late Cretaceous, some lineages (e.g., Euarchonta and Ferungulata) became diurnal. After the K-Pg boundary (66 mya), all ancestral lineages of placentals seem to have been nocturnal until the EoceneOligocene transition (EOT, 33.9 mya). Later, from the Oligocene to the Neogene, several lineages independently became diurnal. Extant placentals share several common traits indicating that their ancestors experienced a nocturnal lifestyle over a long duration.
Reproductive seasonality is generally very difficult to infer from paleontological evidence. Likewise, the phylogenetic inertia-based correlation calculated for this trait was not high (l = 0.764). In contrast, the rate-based prediction method had high power to predict reproductive seasonality at terminal taxa (AUC = 0.965), implying the strong potential of this approach to reconstruct the ancestral states of this trait. The common ancestors of Placentalia, Euarchontoglires, and Laurasiatheria were predicted to be seasonal breeders, while those of Atlantogenata and Boreoeutheria were inferred to breed year-round ( Figure 3B ). Similar to the distribution of terminal states, reconstructed ancestral states for reproductive seasonality show little phylogenetic inertia but varied rapidly throughout evolutionary history.
Concerning social versus solitary lifestyles, evolutionary histories reconstructed by rate-and phylogenetic inertia-based prediction methods were consistent with each other ( Figures  S2C and S2D ), which implies that sociality is phylogenetically stable. Although the common ancestor of Placentalia was predicted to be solitary, most ancestral species within Placentalia were predicted to be social ( Figure 3C ). The evolutionary history of diet in placental mammals is shown in Figure 3D , with all reconstructed states of insectivory, carnivory, herbivory, and omnivory having predicted probabilities larger than 0.8 indicated (Figures 2A and 3D ). Although Mesozoic placentals were basically insectivorous, ancestors of Euarchonta became omnivores, thus suggesting that placental mammal diversification of this trait started before the K-Pg boundary [6] .
Genes Selected as Predictors
Lasso penalized logistic regression shrinks the coefficients of non-significant variables to the value of zero and leaves only a small proportion of variables as significant predictors (Table S3) . For example, genes related to the brain or neural system were detected as predictors of sociality (e.g., PRICKLE1, PHF6, CPEB4, and RNF19A) [22] [23] [24] [25] . Genes involved in meiosis (e.g., ACTR8 and INO80D) [26, 27] , embryonic stem cell plasticity (e.g., EAH1) [28] , and sexual hormone synthesis (e.g., STAR) [29] were detected as predictors of reproductive seasonality, while genes associated with mating type, spermatogenesis, and male fertility (e.g., MTF1, SPERT, and CTCF) [30, 31] were detected as predictors of mating system (monogamous/ polygamous). Because dinosaurs were basically diurnal [4] , it has been suggested that the mammalian nocturnal bottleneck lasted until the K-Pg boundary. Our study provides new insight on the placental nocturnal bottleneck, especially on its timing. Although nocturnality/diurnality tendencies of the Mesozoic placental mammals evidently varied, we conclude that all ancestral lineages of placentals became nocturnal while passing though the K-Pg Nodes are labeled as follows: a, Placentalia; b, Afroinsectiphilia; c, Boreoeutheria; d, Primates; e, Rodents; f, Laurasiatheria; g, Ferungulata; h, Megachiroptera; i, Cetartiodactyla; j, Carnivora + Perissodactyla; k, Carnivora; l, Goats+Chirus. The area of the circle at each node is proportional to the predicted probability that the animal is insectivorous, with the absence of a circle indicating a predicted probability of 0. Animals eating insects occasionally or only as a small part of their diet were not considered to be strict insectivores and were treated as missing data in the analysis. See also Tables S2 and S4 . Tables S2 and  S4 . For evolutionary history of arboreality, mating system, and male-biased sexual size dimorphism (labeled as ''male larger''), see Figure S4 .
boundary and remained so until the EOT ($33.9 mya). Therefore, this suggests that a nocturnal bottleneck occurred after the K-Pg boundary rather than during the Mesozoic era. However, we note that our rate-based approach only reconstructs ancestral states of surviving lineages; it does not infer the states of extinct orders. Therefore, our finding ( Figure 3A) does not necessarily mean that all placentals were restricted to nocturnal niches during the Paleocene-Eocene thermal maximum (PETM). Fossil records have revealed a major turnover of many organisms and that several new placental orders appeared during this PETM [3, 8] . Therefore, restriction of all placental lineages to nocturnal niches during the PETM seems unlikely. Whereas average global temperatures were elevated by 5
C-8 C during the PETM [3] , global temperatures abruptly decreased at the Eocene-Oligocene boundary, and this lowtemperature period lasted $10 Ma [34]. It is possible that the nocturnal traits that assist thermoregulation in cold served as preadaptations that aided survival during the global cooling event of the EOT. In contrast, diurnal species may not be as good as nocturnal species at keeping active in cold environments. In other words, the selective extinction of diurnal species during the EOT might explain why ancestors of the extant Placentalia lineages were nocturnal. After the EOT, ancestors of extant placental mammals probably began to occupy diurnal niches.
We note that gene-based ancestral trait predictions will become even more accurate with increasing genomic data and better understanding of genotype-phenotype relationships. Prediction via some phylogenetic-inertia criteria implicitly assumes neutrality of trait evolution, while rate-based prediction utilizes the information on variable purifying selection. In this sense, the two procedures are complementary and could potentially be combined. In this post-genomic era, rate-based prediction should thus aid our understanding of biodiversity and its underlying mechanisms.
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METHOD DETAILS
Identification of shared single-copy genes In this study, we focused on genes without paralogs. We downloaded the homolog-type information of 43 mammalian species from the Ensembl Genome Browser [47] , with the human genome used as a reference. Three homolog-type labels were available for each species: ortholog_one2one, ortholog_one2many and ortholog_many2many. We included genes labeled ''ortholog_one2one'' in the list of single-copy genes found between each species and humans and then constructed a presence-absence matrix for the 43 genomes. Taking into account the possibility of misannotation or DNA sequencing failure, we retained single-copy genes shared by no fewer than 40 species. Our final list contained 6,366 single-copy genes in Class Mammalia.
Data preparation
We downloaded 89 mammalian complete genomes from NCBI and extracted protein-coding sequences of each species using a custom Perl script. Alignments of all 6,366 single-copy genes were generated. Out of 6,366 single-copy genes, 1,202 genes were shared by all 89 species. Alignments at the amino acid level were performed in MAFFT v7.294 [35] , with codons rearranged according to the results. All alignments were carefully checked by eye. Ambiguous regions, gaps and sites with less than 70% coverage among all species were removed. The total aligned sequence length of the 1,202 genes was 2,260,665 bp corresponding to 753,555 amino acid residues. Alignments of genes used in this study are available in Data S1.
Species tree and branch lengths of protein trees Song et al., 2012 [13] had estimated a species tree of 37 species by applying a multispecies coalescent model to 447 nuclear genes. In our paper, we increased the size of the dataset (89 species with 1,202 single-copy nuclear genes) and attempted to obtain the species tree with improved resolution. We applied MP-EST and STAR/Njst, the maximum pseudo-likelihood procedure for estimating relationships under the coalescent model [36] [37] [38] . We estimated the nucleotide tree for each gene by the maximum likelihood method in RaxML v8.0.0 [39] using the GTR+G+I model with 100 bootstrap replicates [39, [48] [49] [50] . Prior to the analysis, sequences were partitioned into three codon positions. Because the program assumes that input gene trees are precise, we excluded all maximum likelihood gene trees in which at least 30% of branches were characterized by bootstrap support values less than 30%. The uncertainty in those trees was mostly due to the short sequence lengths. The remaining 829 gene trees were used as the input for MP-EST and STAR/Njst. Because Scandentia+Glires+Primatomorpha as well as Carnivora+Perissodactyla+ Cetartiodactyla formed trifurcated clades in the estimated species tree, the positions of Scandentia and Perissodactyla could not be resolved in our analysis. Mason et al., 2016 [14] published a genome-wide indels-based phylogenetic tree that supports the ((Scandentia, Primatomorpha), Glire) and ((Carnivora, Perissodactyla), Cetartiodactyla) relationships. Indels may provide more accurate phylogenetic REAGENT signals due to their robustness to the homoplasy compared with the information of the nucleotide substitutions, thus we followed [14] for the phylogenetic positions of Scandentia and Perissodactyla (which is also consistent with [13] ). For testing the effect of the phylogenetic uncertainties on the reconstructed ancestral states, we further analyzed an alternative species tree following [51] , and summarized the result in Table S1 and Figure S3 . The estimated divergence times, together with ancestral states assuming the alternative phylogenetic positions of Scandentia and Perissodactyla [51] were very similar (Table S1 , Figure S3 ). The rate of protein evolution reflects the strength of functional constraints. After constraining gene tree topologies to the species tree [13, 14] , we estimated branch lengths of amino acid, codon and nucleotide trees of each of the 1,202 genes using PAML v4.8 [40] . We used two different models of amino-acid substitution: the LG matrix [52] and Mam matrix, the maximum likelihood estimate of the amino acid substitution matrix based on the randomly sampled 19,766 amino acid from 1,202 genes of the 89 mammals ([41] PAML format), with gamma-distributed rate variation among sites [48] . Because the Mam matrix was a better fit to the data according to maximum log-likelihood values (ln L mam = À 11843775;ln L LG = À 12325103), we used the Mam matrix for protein sequence analysis. For the codon analysis, we adopted the branch model [53] . For the nucleotide analyses, we applied JC69 [54] and JC69+G models [54, 55] . To minimize the potential bias due to the saturated information of long branches, we excluded any protein trees that had a maximum branch length larger than 1.7 and/or a sum over all branch lengths that was larger than 17. The remaining 1,185 protein trees generated under the Mam model were used in further analyses.
Common and specific rates of protein evolution Clark et al. found that covariation between trait values and the rates of protein evolution can be used to identify functional interactions between genes and traits [56] . To improve the power of this approach, they analyzed deviations of branch lengths from expected values in an average proteome-wide tree. Here, we note that, due to the neutral theory of molecular evolution, the rate of molecular evolution is the product of mutation rate and the proportion of neutral mutations. By extending this relation to multiple genes, we obtained a multiplicative model:
(Please see the section An Extension of Neutral Theory to Multiple-Gene Molecular Evolution). The multiplicative model corresponding to Equation 3 is:
where a i is proportional to p i , b j is proportional to t j 3v j , and g ij is proportional top ij . By taking the log transformation, we obtain: Even though theÑ ðiÞ j values are non-negative real numbers and are not necessarily integers, the log likelihood of the Poisson regression is a smooth function of the response variables and its domain of definition can be naturally extended to real positive values. The gene-branch specific effect G ij was estimated as the ratio ofÑ ðiÞ j to its predicted value. To account for over-dispersion, we also conducted negative binomial regression.
The predictive values of branch lengths, expð b B j Þ, represent the expected amount of genomic evolution along the branch, t j 3n j . On the basis of the estimated values of the commonality of branch lengths (i.e., the branch effect of the multiplicative two-way ANOVA model) and their variances, the time tree and the variable rate of evolution common to all genes were estimated by the Bayesian framework [15, 16, 57] . Fossil calibrations used in the analysis are summarized in Table S4 .
Collection of life history traits
We collected information, mainly from the Animal Diversity Web (http://animaldiversity.org), about ecologically important discrete life history traits including diet, diurnal activity, mating system, social behavior and sexual dimorphism. Details of each trait with references to original sources are summarized in Table S2 . The polygenic nature of complex ecological traits, such as those examined in our study, hinder their quantification for comparative phylogenomic analysis. We therefore employed a conservative strategy, in which these discrete traits were treated as binary values (0 or 1; Table S2 ). Some species possessed both states of a trait. For example, tigers are active both day and night, while naked mole rats (Heterocephalus glaber) live underground; their activities thus do not follow a circadian rhythm. We treated these cases as missing data in the analysis. For diet, there were three states. Because our model can only handle two-state discrete traits, we used a one-to-others approach and transformed these states into three separate traits: carnivory (carnivorous or not), herbivory (herbivorous or not) and omnivory (omnivorous or not). In regards to insectivory, animals eating insects occasionally or as only a small part of their diet were not considered to be strictly insectivorous; these cases were treated as missing data in the analysis.
Rate-based life history trait prediction
To investigate the predictive power of evolutionary rates, we conducted logistic regression, with trait values at the terminal nodes serving as the response variables and gene-branch specific rates at the terminal branches as the explanatory variables. Because the number of explanatory variables far exceeded the sample size, we applied lasso penalized logistic regression by using glmnet [19, 20] . The lambda coefficient of the lasso penalty was selected by minimizing deviance via leave-one-out cross validation. To increase efficiency, the first stage of our analysis followed a previously described procedure of pre-screening genes to remove those least likely to usefully predict the trait values [58] . The number of genes retained for the second-stage analysis was decided by maximizing the value of the AUC using the ROCR package in R [44] . Ancestral states were obtained by the rate-trait regression model fitted to the terminal taxa. Table S3 summarizes the coefficients of the genes left as predictors for the trait values. Given the result of lasso-logistic regression, we used the genes left as predictors for ancestral state reconstruction of life history traits.
The idea underlying our cross validation approach is to predict the character states at a tip of the tree without telling the inference procedure what are the actual values of the states. Because we know the true values for the tip states, we can compare the performance of alternative inference methods. In the future, modifications of our cross-validation approach could be applied to fossil information rather than extant character data.
Weighted nearest-neighbor method
We compared the performance of the above rate-based prediction method with a prediction method based on phylogenetic information. Phylogenetic inertia-based prediction assumes that closely correlated species have similar life history trait values. For simplicity, we predicted life history traits as the weighted average of nearest neighbors. Based on the pairwise distance matrix of the commonality of branch lengths of the species tree, the trait value of each species j, b y j , was predicted as:
Here, y s is the trait value of species s, and d sj is the phylogenetic distance between species s and species j. For each trait, the value of a was chosen to maximize the AUC.
To compare the predictive powers of rate-and phylogenetic inertia-based procedures, we calculated AUC values and accuracy by leave-one-out cross validation. As cut-off points, we chose AUC values that maximized the accuracy.
Phylogenetic inertia-based ancestral prediction For phylogenetic inertia-based procedures, we reconstructed ancestral states of each trait in a Bayesian framework using BayesTraits [42, 43] . We applied the multistate model to discrete traits. The 1,202 gene trees obtained above were used as guide trees. We obtained predicted probabilities for discrete traits and used them to calculate correlations between traits and rates.
We used FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and the ape package in R to draw trees [45, 46] .
Additional comparisons of two approaches
Additional comparisons of discrete traits predicted by rate-based versus phylogenetic inertia-based approaches are summarized in Figure S2 . Because phylogenetic inertia-based methods heavily rely on descendants being similar in state to their ancestors, their predictive power depends on the strength of phylogenetic inertia of the trait values. The predictive power of the rate-based method does not depend on the phylogenetic inertia. Instead, it depends on the precision of the two-way ANOVA type Poisson regression, and the stability of the relation between the trait values and the gene-branch interaction profile. When a trait evolves slowly, the functional constraints on the associated genes may also evolve slowly. In such a case, rate-based and phylogenetic inertia-based methods will predict similar ancestral states (e.g., sociality; Figures S2A-S2B ). On the other hand, if a trait evolves rapidly (e.g., reproductive seasonality; Figures S2E and S2F ) or experiences convergent evolution (e.g., insectivory and diurnality; Figures 2, S2C , and S2D), the phylogeny becomes less informative and can mislead the prediction. In this case, rate-based prediction will give a more reasonable answer.
Integrating the two approaches Phylogenetic-inertia prediction of ancestral states performs well when the trait evolves slowly. The prediction may be biased, when the trait evolves fast or experiences convergent evolution. The rate-based prediction method does not use the assumption of phylogenetic inertia of trait evolution but utilizes the estimated branch lengths of gene trees. The performance depends on the uncertainty of the estimated gene-branch interaction. We can integrate the two predictive procedures as follows. Let p R and p PI be the rate-based and the phylogenetic inertia-based posterior probabilities of the trait-value being 1 respectively. We note that the phylogenetic inertia-based posterior odds is the product of the prior odds and the likelihood odds:
Here p is the prior probability that the trait value at the internal node is 1. Lðy j y 0 = 1Þ and Lðy j y 0 = 0Þ are the conditional likelihoods of the trait values, y, given the value at the internal node to be 1 and 0 respectively. By replacing the p in Equation 6 by p R , we obtain the rate combined with phylogenetic inertia posterior odds as
Lðy j y 0 = 1Þ Lðy j y 0 = 0Þ :
By taking the odds ratio of Equations 6 and 7, we have
from which we obtain
These two approaches could be integrated in the future. However, we emphasize the difference in the performance of the two predictive procedures in this paper due to our belief that it is first important to understand their individual properties. We note that additional future evaluations of these procedures would be desirable (e.g., via LOOCV or additional information from the fossil record).
Fossil evidence of life history traits
Because we did not include monotremes in our study, we cannot make inferences regarding the lifestyles of early mammals before the divergence of Theria. Although behaviors themselves rarely fossilize, there are several concrete anatomical features associated with certain behavioral patterns that do fossilize. For example, seasonal differences of the growth rates are recorded in the osseous tissues and the dental cementum as lines of arrested growth [59] . Accordingly, it may be possible to verify our hypothesis based on future paleohistological study. In addition, the relative orbit sizes are correlated with the photopic (light-rich) environments and the scotopic (light-limited) environments [60] , and such anatomical features can be used to implicate the activity patterns of the extinct species [7, 61] . The Post-K-Pg nocturnal bottleneck hypothesis suggested in this study could be examined by the comprehensive study of the relative orbit sizes of the Placentalia. Chronological transitions of the relative orbit sizes in the extant orders through the EOT as well as the comparisons of the relative orbit sizes of the extant and extinct orders in the PETM could shed light on the enigmatic activity patterns of the early Placentalia.
Fossil calibrations
To estimate absolute divergence times of living organisms, information from the fossil record is essential. Because the fossil record is incomplete, the oldest known fossil record (OKR) of a particular lineage does not necessarily indicate the emergence time of that lineage. Consequently, fossils used for calibration of divergence time estimates were selected according to the criterion that the emergence of the crown taxon (or time to the most recent common ancestor of the crown taxon) should chronologically predate the OKR of the crown taxon [62, 63] . The geological ages of the OKR of the crown taxon were accordingly used as the minimum boundaries. On the other hand, the emergence of the crown taxon should postdate the OKR of the stem taxon. It should be noted that stem taxa, which retain morphologically primitive characters, sometimes survive for a long time as relics, and, therefore, the existence of stem taxa does not always indicate an older chronological age. For this reason, the use of the OKR of the stem taxon is recommended [62] . Defining the maximum boundaries of divergence times from the fossil records themselves is often difficult, especially when long chronological gaps exist in fossil records for the sister taxon (the ghost lineage). Consequently, maximum boundaries are always accompanied by uncertainty and the use of soft boundaries is recommended.
Fossil calibrations suggested by Benton et al. [63] on the basis of the above idea were further modified by dos Reis et al.
[18] for Eutherian mammals. O'Leary et al. [8] subsequently carried out an extensive phylogenetic analysis of extinct and extant Eutherian mammals based on molecular and morphological data. Although the occurrence of the OKR of the crown taxon was directly applied as the emergence time of the crown taxon (known as ''ghost lineage analyses''), those ages should be interpreted as the minimum possible date of the emergence [64] . Consequently, we used the dates of the OKR of the crown taxon suggested by O'Leary et al. [8] as the minimum boundaries for our divergence time estimation. In addition, the phylogenetic positions of several fossil taxa were clarified by O'Leary et al. [8] , with some consequently recognized as lost sister taxa of extant orders. We therefore applied their geological ages as the maximum boundaries in our analysis. Fossil calibrations used in this study are summarized in Table S4 .
Regarding the maximum boundary of Eutherian mammals, we applied the age of Sasayamamylos kawaii (112 mya [65] ) rather than the oldest known Eutherian, Eomaia scansoria (124 mya [66] ). Sasayamamylos is the oldest fossil record possessing the dental formula ''3-4:1:4:3,'' which is recognized as a synapomorphy of the Placentalia [8] . However, it is unlikely that Sasayamamylos is a member of the crown Placentalia because Sasayamamylos shared the several morphological characters with the extinct order Asioryctitheria [65] , one of the stem Placentalia. Phylogenetic relationships among stem Placentalia are still controversial
